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The envelopes of murine hepatitis virus (MHV) particles are studded with glycoprotein spikes that function
both to promote virion binding to its cellular receptor and to mediate virion-cell membrane fusion. In this
study, the cysteine-rich spikes were subjected to chemical modification to determine whether such structural
alterations impact the virus entry process. Ellman reagent, a membrane-impermeant oxidizing agent which
reacts with exposed cysteine residues to effect covalent addition of large thionitrobenzoate moieties, was
incubated at 37&C with the JHM strain of MHV. Relative to untreated virus, 1 mM Ellman reagent reduced
infectivity by 2 log10 after 1 h. This level of inhibition was not observed at incubation temperatures below 21&C,
suggesting that virion surface proteins undergo thermal transitions that expose cysteine residues to modifi-
cation by the reagent. Quantitative receptor binding and membrane fusion assays were developed and used to
show that Ellman reagent specifically inhibited membrane fusion induced by the MHV JHM spike protein.
However, this inhibition was strain specific, because the closely related MHV strain A59 was unaffected. To
identify the basis for this strain specificity, spike cDNAs were prepared in which portions encoded either JHM
or A59 residues. cDNAs were expressed with vaccinia virus vectors and tested for sensitivity to Ellman reagent
in the fusion assays. The results revealed a correlation between the severity of inhibition mediated by Ellman
reagent and the presence of a JHM-specific cysteine (Cys-1163). Thus, the presence of this cysteine increases
the availability of spikes for a thiol modification that ultimately prevents fusion competence.

Virus-induced membrane fusion is an essential step in the
entry of enveloped viruses into host cells. Fusion is facilitated
by the integral membrane glycoproteins of virions. After the
virus binds to the host cell, these fusion proteins undergo
structural rearrangements to reveal the hydrophobic character
required for lipid mixing and eventual fusion (9, 40). X-ray
crystallography results have now shown that the fusion process
can be achieved by quite different protein structures; the hem-
agglutinin trimer of influenza virus projects sharply from the
virion and has abundant alpha helicity (43), while the recently
resolved E protein of tick-borne encephalitis virus lies flat on
the virion surface as a dimer that is rich in beta strands (30).
Such findings underscore the importance of examining
structure-function relationships in a variety of proteins to
provide general principles explaining how fusion is pro-
moted.
This report focuses on the structure and function of the

murine coronavirus spike (S) protein, which projects from en-
veloped virions to mediate both binding to the cell receptor
and subsequent virion-cell membrane fusion. The spike is an
oligomer (7, 8) that extends 20 nm from the virion envelope
(6). In most murine hepatitis virus (MHV) strains, a basic
amino acid sequence present within each spike subunit serves
as an intracellular proteolytic cleavage site to produce periph-
eral and integral membrane fragments, designated S1 and S2,
respectively (4). Peptide fragments representing peripheral S1
can bind to the MHV receptor (MHVR) (39), thus implicating
this fragment in binding. S2 from bovine coronavirus, if ex-
pressed in abundance from baculovirus vectors, can decorate
cell surfaces and can cause fusion with nearby cells (44), ap-
parently in a receptor-independent manner. Together these

findings provide a quite reasonable view of S1 as a receptor-
binding entity and S2 as a fusion protein. Complementing this
view are molecular genetic results in which cDNAs encoding
spikes are mutagenized and then expressed to correlate alter-
ations in primary sequence with membrane fusion function
(17). These findings have shown that residues critical for op-
timal fusion function lie within the S2 fragment, but they have
not yet revealed a clear model of how the spike mediates
fusion.
Additional biochemical studies of Sturman et al. (36) have

advanced our understanding of spike-mediated membrane fu-
sion by establishing fundamental structure-function correla-
tions. In the studies, S1 release from S2 and concomitant S2
aggregation were observed under conditions at which fusion
activity was maximal. Because these structural transitions were
enhanced in the presence of dithiothreitol, it was suggested
that disulfide rearrangements were required during the pro-
cess. That these findings might be generally relevant to virus-
induced membrane fusion was suggested by recent reports
showing that agents interfering with thiol-disulfide interchange
inhibit both human immunodeficiency virus and Sindbis virus
fusion function (1, 32). Thus it became imperative to consider
whether fusion induced by the murine coronavirus spike is
sensitive to thiol modification.
The spikes of murine coronaviruses are cysteine rich; in

strain JHM, the ectodomain portion of each subunit contains
49 cysteines (29). While most of these cysteines are likely
involved in intrasubunit disulfide bonding (28), it is shown here
that at least one is available for modification by a membrane-
impermeant thiol blocker, Ellman reagent. This is because
Ellman reagent specifically blocks spike-mediated membrane
fusion. This blockade depends in part on the presence of a
cysteine residue (Cys-1163) in the S2 ectodomain. These find-
ings help to pinpoint a critical step in the adoption of fusion
competence by the large spike glycoprotein.

* Mailing address: Department of Microbiology and Immunology,
Loyola University Medical Center, 2160 S. First Ave., Maywood, IL
60153-5500. Phone: (708) 216-4850. Fax: (708) 216-9574. Electronic
mail address: tgallag@luc.edu.

4683



MATERIALS AND METHODS

Cells. Monolayer cultures of murine 17c11 fibroblasts (37) were grown in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 5% tryptose
phosphate broth (Difco Laboratories, Detroit, Mich.) and 5% heat-inactivated
fetal calf serum (DFCS; Gibco Laboratories, Grand Island, N.Y.). Murine de-
layed brain tumor (DBT) cells (21) were grown in minimal essential medium
supplemented with 10% tryptose phosphate broth and 5% DFCS. Rabbit kidney
(RK13) and HeLa cells were grown in DMEM containing 10% DFCS. All growth
media contained 0.01 M sodium HEPES (N-2-hydroxyethylpiperazine-N9-2-eth-
anesulfonic acid [pH 7.4]).
Growth, purification, and analysis of MHVs. MHV strains A59, JHMX, and

MHV4 were inoculated onto 17cl1 cell monolayers in serum-free DMEM (SFM)
for 1 h at 378C and then replaced with DMEM containing 2% DFCS and
incubated at 378C for 12 to 16 h, at which time considerable cytopathology was
evident in all cells. Virions were collected from culture supernatants and imme-
diately purified by differential centrifugation. In brief, debris was removed by
sequential spins (10 min, 2,000 3 g, 58C, and then 30 min, 10,000 3 g, 58C). To
prepare virions for fusion assays, the clarified supernatants, typically 20 ml, were
incubated at 378C in the presence or absence of 1 mM Ellman reagent (Pierce
Co., Rockford, Ill.) and then overlaid on 30% (wt/wt) sucrose cushions (10 ml)
in HNB buffer (25 mM sodium HEPES [pH 7.4], 100 mM NaCl, 0.01% bovine
serum albumin [BSA]). A 6-ml cushion of 50% (wt/wt) sucrose in HNB buffer
was underlaid, and virions were sedimented in the Beckman-Spinco SW28 rotor
at 58C for 3 h at 28,000 rpm. Virions were collected from the interface between
the 30 and 50% sucrose solutions by fractionation and stored at 2808C. The
titers of virus preparations were determined by plaque assay on DBT cell mono-
layers.
Electrophoresis of virion proteins was carried out on discontinuous polyacryl-

amide (Laemmli) gels, as described previously (18). Prior to loading, samples
were mixed with equal volumes of a modified solubilizer solution adjusted to a
pH of 4.0 (0.125 M sodium citrate [pH 4.0], 5% Ficoll, 4% sodium dodecyl
sulfate [SDS], 0.01% bromphenol blue) and heated for 5 min at 1008C. Reducing
solubilizer contained 10% 2-mercaptoethanol. After electrophoresis, proteins
were transferred to nitrocellulose membranes, and the position of the S2 frag-
ments was identified by immunoblotting with rabbit anti-S2 peptide antiserum
3300, as described previously (18).
Virion-receptor binding assay. Direct measurement of virion adsorption to

receptor-bearing cells required abundant receptor levels on the plasma mem-
brane. Therefore, receptors were overexpressed with vaccinia virus vectors. To
prepare the vectors, a cDNA encoding the primary MHVR was obtained by
reverse transcriptase PCR (22, 23) of BALB/c mouse liver RNA, with primers
based on the reported MHVR sequence (10). MHVR-encoding cDNA was then
inserted into vaccinia virus insertion/expression plasmid pTM3 (12, 26) between
the NcoI and SpeI sites of the polylinker. The resulting pTM3-MHVR was
transfected into HeLa cells infected 1 h earlier with vaccinia virus WR. Trans-
fection was mediated by Lipofectin reagent (Gibco BRL, Gaithersburg, Md.) and
was performed according to the manufacturer’s instructions. At 3 days post-
vaccinia virus infection, progeny virus was collected by freezing and thawing and
then plated on RK13 cell monolayers. Plaques representing amplified recombi-
nant vaccinia virus were selected by subjecting the cells to mycophenolic acid
exposure as previously described by Falkner and Moss (13). Virus from well-
isolated plaques was amplified in HeLa cells to generate stocks of recombinant
virus, designated vTM3-MHVR.
Negative controls in virion-receptor binding assays required construction of a

second vaccinia virus recombinant which harbored a form of MHVR cDNA with
a deletion and was therefore unable to express virus binding determinants. This
was prepared similarly to that described previously by Dveksler et al. (11). In
brief, pTM3-MHVR was used as the template for a series of PCRs involving
primers capable of amplifying the 59 148 bp and the 39 929 bp of the 1,377-bp
MHVR open reading frame. Engineered into the relevant primers were sites for
XmaI digestion. This permitted ligation of the two PCR DNAs after each was
digested with XmaI, thereby generating an in-frame deletion. cDNA was then
inserted back into the pTM3 vector, and the recombinant virus was prepared as
described above. Receptor protein expressed from this recombinant lacked res-
idues 11 to 122; this amounts to the bulk of the amino-terminal (virus binding)
domain (NTD). The recombinant virus was designated vTM3-MHVRDNTD.
Expression of the receptor glycoproteins was accomplished by coinfection of

HeLa cells with vTF7.3, which encodes T7 RNA polymerase (15), and with
vTM3-MHVR at equivalent multiplicities of infection. Synthesis of the receptor
glycoproteins was monitored by immunoblot assays of cell lysates as described
elsewhere (16).
In virion-receptor binding assays, HeLa cell monolayers were rinsed with SFM

at 16 h post-vaccinia virus infection, and then [35S]Met- and/or Cys-labelled
MHV particles in SFM were incubated for 2 h at 48C. Unadsorbed virions were
then removed, cells were rinsed five times with ice-cold phosphate-buffered
saline (PBS) containing 0.05% Tween 20 and 0.5% BSA, and lysed in radioim-
munoprecipitation assay buffer (0.01 M Tris-HCl [pH 7.2], 0.15 M NaCl, 1%
sodium deoxycholate, 1% Triton X-100, 0.1% SDS). Radioactivity associated
with the media and the cell lysates was quantified by scintillation counting and
was expressed as the percentage associated with the cells.

Construction of HeLa cells expressing MHVR. Fusion assays involved the use
of human (HeLa) cell lines that have been stably transfected with cDNA encod-
ing the MHVR. Briefly, PCR-amplified MHVR cDNA was inserted into expres-
sion plasmid pUHD10-3 (19), and then the construct was transfected by lipofec-
tion into subconfluent HeLa-tTA cells (19) in conjunction with a 10-fold molar
excess of pSV2-GPT (Clontech, Palo Alto, Calif.). pSV2-GPT encodes Esche-
richia coli guanosine phosphoribosyltransferase (GPT) and thereby confers re-
sistance to mycophenolic acid. GPT-positive clones were selected by long-term
(3-to-4-week) growth in DMEM–5% DFCS containing 2.5 mg of mycophenolic
acid per ml, 250 mg of xanthine per ml, and 20 mg of hypoxanthine per ml. After
selection and subcloning, surface expression of the MHVR was confirmed in a
number of clones by indirect immunofluorescence with murine antireceptor
antibody CC1 (42) and fluorescein isothiocyanate-conjugated goat antibody di-
rected against mouse immunoglobulin (Cappel, Inc., Durham, N.C.). Clones
were designated as HeLa-MHVR transfectants.
Virion-cell fusion assay. HeLa-MHVR cells were divided into two identical

75-cm2 monolayer cultures. One culture was coinfected with vaccinia virus re-
combinants vTF7.3 and vTM1-MHVR, while the other was infected with the
wild-type vaccinia virus strain WR and then transfected by lipofection with
plasmid pG1NT7-bgal. pG1NT7-bgal is a plasmid which carries a gene for
b-galactosidase under the transcriptional control of a T7 promoter and was made
available for this study by Richard A. Morgan, National Center for Human
Genome Research, Bethesda, Md. At 6 h postinfection, cells in each culture were
suspended by trypsinization, mixed, and diluted to 106 cells per ml in DMEM–
10% DFCS. One-milliliter aliquots were replated onto 5-cm2 tissue culture wells.
After allowing 1 h at 378C for the resettling of the cells, sucrose gradient-purified
virions (in HNB buffer containing 40% sucrose) were diluted fivefold in SFM and
added directly to the wells at 378C. The input multiplicities were 10 (JHMX) and
50 (A59) PFU per cell. At 1 h post-virion addition, DFCS was added to the wells
to a final concentration of 5%. At 1, 2, and 3 h post-virion addition, cells were
rinsed with PBS and lysed with 0.5 ml of PBS per well containing 0.5% Nonidet
P-40. The quantity of b-galactosidase in each lysate was measured by the color-
imetric assay described previously (27) and normalized by comparison of sub-
strate hydrolysis produced by a standard preparation of E. coli b-galactosidase
(Calbiochem, La Jolla, Calif.). Values were expressed as nanograms of b-galac-
tosidase per unit volume of cell lysate.
Mutagenesis of spike-encoding cDNAs. Plasmid DNA pGEM4Z-SWT, encod-

ing the complete spike protein of MHV4, has been described previously (17) and
hereinafter will be designated pGEM4Z-S4. To convert cysteine codon 1163
within the spike open reading frame to tyrosine, a mutagenic oligomer was
synthesized which represented nucleotides 3463 to 3495 (numbering here and
throughout text is according to reference 29) and which harbored TAT (tyrosine
codon) in place of the wild-type TGT (cysteine codon) at nucleotides 3487 to
3489. This oligomer (50 pmol), an equimolar amount of SP6 promoter/primer
(Promega Corp., Madison, Wis.), and 10 ng of pGEM4Z-S4 template were used
in a standard PCR (22) to produce the desired 726-bp DNA fragment. The PCR
DNA was purified on adsorbent resin (Promega Corp.), digested with BsmI and
XbaI, gel purified, and ligated directly to the gel-purified 6.2-kbp BsmI-XbaI
fragment of pGEM4Z-S4. The resulting plasmid DNA, pGEM4Z-S4 (C-11633Y
[C1163Y]), was amplified and purified and then sequenced by the chain termi-
nation method to confirm the introduction of the desired mutation. Cloning and
sequencing steps were done according to protocols described in laboratory man-
uals (33).
To convert the majority of the S2-encoding region of S4 cDNA to strain A59

sequences, PCR was again employed. Briefly, total cellular RNA was extracted
from MHV A59-infected 17cl1 cells (18), and S2 sequences were amplified by
reverse transcriptase PCR (23) with PCR primers identical to nucleotides 2302
to 2321 and complementary to nucleotides 4140 to 4159. The resultant 1,857-bp
PCR DNA was purified and digested with SphI and NdeI to generate a 1,422-bp
restriction fragment, which was gel purified and ligated to the larger 8.3-kbp
fragment resulting from a parallel SphI and NdeI digestion of pTM1-S4. The
exchange resulted in pTM1-S14S2A59, and sequencing confirmed the replace-
ment of codons 785 to 1256 of S4 with SA59. Thus, this plasmid encoded a spike
containing a tyrosine residue at position 1163. To convert this tyrosine codon to
cysteine, mismatch oligonucleotides were synthesized and employed in PCRs
analogous to that described for construction of the C1163Y mutant. This per-
mitted construction of pTM1-S14S2A59 (Y1163C).
Vaccinia virus-based spike protein expression. Transient expression of the

various MHV spike proteins in HeLa tTA cells was performed as described
previously (17). Confluent monolayers of cells grown on 24-well (2 cm2 per well)
cluster plates were infected with recombinant vaccinia virus vTF7.3, which ex-
presses T7 RNA polymerase (15). After 1 h at 378C, inoculum virus was re-
moved, cells were rinsed three times with SFM, and plasmid DNA-Lipofectin
complexes (0.5 mg of DNA–2.5 mg of Lipofectin in 0.2 ml of SFM) were added
to each well. At 5 h posttransfection, the complexes were removed and DMEM–
10% DFCS was added.
Cell-cell fusion assay. At 16 h posttransfection, the spike-expressing HeLa-

tTA cells were rinsed once with cysteine-deficient DMEM and then overlaid with
0.4 ml (per well) of the same medium containing 0.1 mg of brefeldin A (Sigma
Chemicals, St. Louis, Mo.) per ml. Identical wells then immediately received 0.04
ml of 0.1 M sodium phosphate (pH 8.0) or 0.04 ml of 10 mM Ellman reagent in
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the same buffer. Incubation was continued for 1 h at 378C prior to addition of
receptor-expressing cells.
To prepare indicator cells with which to measure the fusion potency of spikes,

one 75-cm2 monolayer of HeLa-MHVR cells (clone 3) was infected with vaccinia
virus strain WR and then transfected with plasmid pG1NT7-bgal (27). At 16 h
posttransfection, cells were trypsinized and resuspended in 10 ml of DMEM–
10% DFCS containing 0.1 mg of brefeldin A per ml. Identical 5-ml volumes of
resuspended cells immediately received 0.5 ml of 0.1 M sodium phosphate (pH
8.0) or 0.5 ml of 10 mMEllman reagent in the same buffer. Aliquots (0.4 ml each)
of each cell suspension were then immediately distributed into the appropriate
wells containing the pretreated spike-bearing HeLa-tTA cells.
After 2 h at 378C, at which time all cells had settled and clear evidence of

syncytium formation was evident in wells containing spike protein, monolayers
were rinsed two times with PBS and then lysed by addition of 0.5 ml (per well)
of PBS containing 0.5% Nonidet P-40. The amounts of b-galactosidase in each
sample were determined by the colorimetric enzyme assay (27).

RESULTS

Ellman reagent inhibits the infectivity of MHV4 (JHM).
Previous reports describing the effect of Ellman reagent on
virus entry indicated that the chemical, when used at millimo-
lar concentrations, did not destroy the infectivity of human
immunodeficiency virus virions (32) or Sindbis virions (1). In
contrast, Ellman reagent, when mixed with MHV4 virions, was
potently antiviral (Fig. 1). Reagent (1 mM) reduced the infec-
tious titer of MHV4 by 2 log10 after 1 h at 378C (Fig. 1A). The
inactivation kinetics roughly followed a first-order progression,
leading to a 2-log10 infectivity difference between untreated
virus and Ellman reagent-treated virus after 1 h at 378C (Fig.
1B).
The temperature dependence of the process (Fig. 1C)

strongly suggested that the spike protein undergoes a thermally
induced structural transition to render itself available to inac-
tivation by Ellman reagent. Below 218C, the reagent exerted
only nominal antivirion activity, whereas at 33 and 378C, the
levels of inhibition were 10- and 100-fold, respectively. This
was not due to pH elevation and concomitant increased thiol
reactivity at the higher incubation temperatures—the pH of
the growth medium remained 7.6 6 0.1 at all tested tempera-
tures. This temperature-dependent inactivation was also not
attributable to increased reactivity of Ellman reagent at the
higher temperatures, because reaction of the reagent with cys-
teine generated the characteristic yellow nitrothiobenzoate
product (ε412 5 14,150 [31]) at equivalent rates throughout the
15 to 378C range (data not shown).
Mutant forms of MHV4, including variants OBLV (17) and

JHMX (29), were found to be similarly inactivated by Ellman
reagent. These variants contain point mutations and deletion

mutations, respectively, within the spike gene. In dramatic
contrast, the infectivity of the related MHV strain, A59, was
essentially unaffected by exposure to the reagent. MHV A59
was resistant to inactivation despite the fact that its spike
protein shares 92.4% amino acid identity with the strain 4 spike
(25, 29).
Ellman reagent does not inhibit virion-receptor binding but

does inhibit virion-cell fusion. Since the membrane-imper-
meant Ellman reagent was thought to modify the protruding
spikes, assays capable of monitoring spike function were de-
veloped and used to identify the basis for the infectivity reduc-
tions. Virion binding assays were initially performed. This in-
volved direct measurement of 35S-labeled virion binding to
MHVRs (10) that were overexpressed on cell surfaces. Vac-
cinia virus recombinants capable of expressing MHVR in
abundance were prepared. One recombinant contained a com-
plete cDNA capable of encoding MHVR, while another con-
trol recombinant encoded a truncated form lacking the amino-
terminal domain (the NTD) that confers virion binding (11). In
each case, the cDNAs were juxtaposed near the bacteriophage
T7 promoter so that coinfection of the viruses with the T7
RNA polymerase-encoding vaccinia virus vector vTF7.3 would
result in abundant receptor mRNA and protein synthesis (14).
Ellman reagent-resistant strain A59 and Ellman reagent-

sensitive strain JHMX were chosen for these analyses because,
unlike MHV4 (strain JHM), these viruses grow to reasonably
high titers in 17cl1 cell culture, and therefore particles could be
readily purified and analyzed. Straightforward assays involving
adsorption of the purified 35S-labeled virions to HeLa cells
showed that the complete MHVR-expressing cells bound
about three times more 35S-labeled virus than the cells express-
ing MHVRDNTD (Table 1). Ellman reagent, which effected a
ninefold drop in JHMX infectivity in this experiment, had no
measurable effect on the level of 35S-labeled virus adsorption
(Table 1). The reagent, therefore, did not block at the receptor
binding stage.
To find out whether the virions after exposure to Ellman

reagent could still induce membrane fusion, a quantitative
virus-cell fusion assay was employed that was modeled after
the one described by Nussbaum et al. (27). The assay involved
the use of a transfectant HeLa cell line that constitutively
expresses the MHVR (Fig. 2 [see schematic depiction]). One
population of these cells contained T7 RNA polymerase activ-
ity via prior infection with vTF7.3, while another harbored a
plasmid encoding b-galactosidase under the transcriptional
control of the T7 RNA polymerase promoter. The populations

FIG. 1. Effect of Ellman reagent on MHV4 (JHM) infectivity. Virus at 106 to 107 PFU/ml was incubated under the conditions indicated in complete growth medium
and then serially diluted in ice-cold serum-free medium and plated on DBT indicator cells for plaque development. Plaques were scored after a 3-day incubation by
crystal violet staining. (A) Effect of reagent concentration at 378C for 1 h; (B) rate of inactivation at 378 by 1 mM reagent; (C) effect of temperature during 1-h exposures
to 1 mM reagent. 1 and 2 refer to the presence and absence of Ellman reagent, respectively.
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were mixed, and MHV particles were added. Because inter-
cellular fusion directly induced by MHV A59 particles has
been reported (35), the expectation was that virion addition to
the mixed population would similarly fuse cells and permit
transfer of the T7 RNA polymerase to those cells harboring
the transcriptionally silent b-galactosidase gene. Since the time
required for production of a fusogenic spike by infected cells is
greater than 4 h, the b-galactosidase expressed within 4 h of
MHV inoculation would serve to measure only the relative
fusion potency of the exogenously added virions.
The results of this assay (Fig. 2) clearly revealed that Ellman

reagent specifically inhibited JHMX fusion function. While the
exogenous addition of untreated JHMX induced increasing
synthesis of b-galactosidase from 1 to 2 h, an equivalent num-
ber of inactivated Ellman reagent-treated particles was unable
to induce b-galactosidase production above the levels observed
in control cultures lacking virions. By 3 h, some enzyme activity
was evident in cells given the Ellman reagent-treated JHMX,
but the level was about 1/10 that induced by untreated virus. In
contrast, the level of A59-induced fusion remained low and
was not perturbed by Ellman reagent. This minimal fusion by
A59 might be due in part to the large proportion of uncleaved
S in the preparation, because S cleavage is well known to
enhance MHV A59 fusion (35).
Electrophoretic analyses suggest that spikes projecting

from strain JHMX virions contain unpaired cysteine(s). Such
a clear difference between JHM and A59 viruses in reagent-
mediated inhibition suggested that a critical reactive thiol is
present in the sensitive JHM strains and that modification of
this thiol prevents fusion competence. Indeed, comparison of
the primary sequences of JHM and A59 spike proteins re-
vealed a single nonconserved cysteine that was unique to JHM
(Fig. 3 [the long hatch mark and the arrow depict the JHM-
specific cysteine]). The ectodomain portion of S2 from A59
contains an even-numbered 12 cysteines, with a tyrosine at the
corresponding JHM cysteine codon 1163. This odd-numbered
13th cysteine in Ellman reagent-sensitive JHM strains is lo-
cated in S2 between two putative amphipathic alpha helix
domains, about 160 residues from the transmembrane-span-
ning region.

S2 fragments containing an odd number of cysteines might
contain thiol(s) available for modification by Ellman reagent,
or they might alternatively be engaged in intermolecular disul-
fide bridging. To find out whether intermolecular disulfides are
a component of JHM spike quaternary structure, the proteins
of virion preparations were subjected to SDS-polyacrylamide
gel electrophoresis (PAGE) under nonreducing and reducing
conditions. Because the electrophoretic analyses of MHV
virion proteins are typically hampered by the formation of
SDS-resistant spike aggregates, samples were prepared by ad-
justing SDS solubilization buffers to a low pH of 4.0 instead of
the usual more neutral pH solubilization conditions.
Samples prepared in this way yielded interpretable profiles.

Under nonreducing conditions, immunoblots revealed a small
proportion of S2-specific protein at a ca. 180-kDa position and

FIG. 2. Effect of Ellman reagent on the ability of virions to mediate inter-
cellular fusion. Receptor-bearing HeLa-MHVR cells (depicted at the top) were
divided into two identical cultures. One culture was infected with the vaccinia
virus recombinant vTF7.3 to synthesize T7 RNA polymerase within the cells (T7
pol cells; upper left). The other culture was infected with wild-type vaccinia virus
strain WR and then transfected with plasmid pG1NT7-bgal, which encodes E.
coli b-galactosidase (T7pro-b gal cells, upper left). At 6 h postinfection, the two
cultures were trypsinized, mixed, and replated onto tissue culture wells. One
hour later, gradient-purified MHV particles left untreated (2) or treated with
Ellman reagent (1) were added directly to the wells at 378C (virion depicted
between cells). At the indicated times after coronavirus addition, cells were
rinsed with PBS and lysed with PBS containing 0.5% Nonidet P-40. The amounts
of b-galactosidase in each sample were determined by a colorimetric enzyme
assay as described in Materials and Methods. b-Galactosidase values obtained in
control samples lacking MHV particles were subtracted prior to plotting of the
data.

TABLE 1. Adsorption of virus particles to the MHVR is not
impaired by exposure to Ellman reagent

Virusa Ellman
reagentb Receptorc % Cell-associated

virusd

JHMX 1 MHVRDNTD 4.1
2 3.7
1 MHVR 10.5
2 10.5

A59 1 MHVRDNTD 12.6
2 12.2
1 MHVR 33.4
2 34.0

a 105 PFU per sample. For JHMX, 105 PFU5 8.43 104 35S cpm. For A59, 105

PFU 5 1.2 3 105 35S cpm.
b Viruses were mixed with equal volumes of PBS (pH 7.1) plus or minus 2 mM

Ellman reagent for 1 h at 378C, and then the mixtures were diluted to 1-ml
volumes with ice-cold serum-free DMEM. Plaque assays showed that the expo-
sure to Ellman reagent caused a ninefold decrease in JHMX titer, while A59
titers were unaffected.
c Volumes (0.4 ml each) of virus were incubated for 2 h at 48C on HeLa cell

monolayers (5 cm2) infected 16 h earlier with vaccinia virus recombinants ex-
pressing the complete receptor (MHVR) or a control receptor lacking the virus
binding domain (DNTD).
d Radioactivity associated with cells and media was quantified by scintillation

counting and expressed as the percentage associated with the cells.
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a relatively larger amount of 90-kDa monomeric S2 (Fig. 4).
That the 180-kDa form represented some disulfide-linked S2
was shown by the parallel immunoblot of reduced JHMX pro-
teins (Fig. 4). Thus, while a small proportion of the JHMX
spike exhibited an intermolecular disulfide arrangement, the
majority of the unreduced JHMX S2 chains remained mono-
meric and so are liable to contain free thiols.
Spikes with an odd number of cysteines in the S2 ectodo-

main are sensitive to fusion inactivation by Ellman reagent.
The role of an odd-numbered, unpaired cysteine as a target for
Ellman reagent was first investigated by synthesizing and ana-
lyzing the fusion function of a site-directed mutant form of the
MHV4 (strain JHM) spike protein. The MHV4 spike cDNA,
designated S4, was mutated as described in Materials and
Methods to change the cysteine codon at position 1163 to the

A59-specific tyrosine. The mutant was designated S4
(C1163Y). Spikes were expressed from cDNAs in vTF7.3-in-
fected HeLa cells, and their fusion potency was quantitated in
the presence and absence of Ellman reagent. To this end,
spike-bearing cells were incubated for 1 h at 378C with or
without Ellman reagent prior to overlay of receptor-bearing
target cells loaded with the reporter b-galactosidase gene.
Spike fusion function was measured 2 h after overlay of target
cells by measurement of b-galactosidase enzyme activity.
These fusion assays differed from the virion-cell fusion as-

says described above in that spikes were continuously ex-
pressed within cells. They also differed in that initial tests
revealed that fusion could not be readily inhibited—at best, the
Ellman reagent provided only a 30% reduction of b-galactosi-
dase activity (data not shown). This failure of the reagent to
dramatically inhibit fusion was attributed to constitutive spike
expression. Indeed, the possibility that spikes reaching the cell
surface might be able to induce fusion faster than Ellman
reagent could inactivate them was suggested by the fact that
JHM virions were only slowly inactivated (Fig. 1B). Thus, to
restrict the analysis to previously transported spikes, Ellman
reagent was tested in the presence of 0.1 mg (per ml) of brefel-
din A, a general inhibitor of protein transport through the
secretory pathway (24). This critical addition of brefeldin A
increased the inhibitory effect of Ellman reagent significantly,
presumably because it restricted the requirement for inactiva-
tion to previously transported spikes.
Once developed, the fusion tests revealed that the conver-

sion of cysteine 1163 to tyrosine changed spike function in two
ways (Table 2). First, the conversion reduced fusion potency by
about 80%. Second, the conversion reduced the sensitivity to
reagent-mediated inhibition about twofold. Thus, the presence
of cysteine 1163 enhances fusion and is also required to
achieve maximal inhibition by the Ellman reagent.

FIG. 3. Distribution of cysteine residues on spike ectodomains. Spike ectodomains (MHV4; 1,320 residues, MHVA59; 1,268 residues, MHV JHMX; 1,167 residues)
are depicted by two horizontal lines. The left line represents the peripheral S1 fragment, while the right line (embedded in the membrane) represents the integral S2
chain. The triangles illustrate deletions within S1. Squiggles above each S2 chain designate regions predicted as amphipathic helix (7). Hatch marks perpendicular to
each chain show the positions of cysteine residues. The single longer hatch mark (arrows) between the predicted helices of S2 represents the single cysteine (Cys-1163)
that is unique to MHV4 and JHMX spikes. Each spike monomer also contains 56 residue transmembrane and cytoplasmic domains (not depicted) which are highly
conserved and contain 10 cysteine residues.

FIG. 4. Electrophoretic behavior of JHMX S2 fragments under nonreducing
(NR) and reducing (R) conditions. Gradient-purified JHMX particles (106 PFU
in 10 ml) were subjected to SDS-PAGE as described in Materials and Methods.
S2 chains were then identified by immunoblotting (18). Molecular mass markers
in kilodaltons are indicated on the right.
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To determine whether the reciprocal conversion of tyrosine
to cysteine in the A59 S2 fragment would increase sensitivity to
Ellman reagent, additional spike cDNA clones were con-
structed. One encoded a hybrid spike in which residues com-
prising the S2 ectodomain were identical to MHV A59. This
clone was designated S14:S2A59. The other was obtained after
site-directed mutagenesis of the tyrosine at position 1163 to
cysteine (S14:S2A59 [Y1163C]). Spikes from these cDNAs in-
duced intercellular membrane fusion to similar levels. How-
ever, the presence of the cysteine about doubled the spikes’
sensitivity to Ellman reagent (Table 3). Thus, this cysteine 1163
generates a target for reagent-mediated inhibition, even when
it is present within the context of the MHV A59 S2 domains.

DISCUSSION

To examine MHV spike-mediated fusion, the thiol blocker
Ellman reagent was used to modify the spike structure, and
then either virions or cDNA-expressed spikes were tested for
infectivity or fusion potency in quantitative assays. The reagent
specifically inactivated the infectivity of MHV (strain JHM)
virions by eliminating their ability to mediate virion-cell fusion.
The inactivation required that the spikes be at a physiological
temperature, thereby permitting thermally induced exposure
of reactive thiols. The reagent failed to inhibit MHV (strain
A59) infectivity, presumably because it lacks an unpaired cys-
teine in the spike protein.
Ellman reagent also blocked intercellular fusion induced by

vaccinia virus-expressed S proteins. Its ability to inhibit this
intercellular fusion was considerably less dramatic than that
seen with virions but was potent enough to test site-directed
cysteine mutants of S protein for their sensitivity to reagent
exposure. The reagent was most efficient at blocking fusion of

those spikes with a cysteine residue (Cys-1163) lying within the
integral membrane S2 spike fragment.
Given the present data, the most reasonable interpretation

is that Cys-1163 is a reactive thiol that is exposed at a physio-
logical temperature and then targeted by Ellman reagent for
nitrothiobenzoate modification. However, it is known that sin-
gle-amino-acid changes in the MHV spike can alter structure
at more than one portion of the polypeptide chain. Indeed, a
series of point mutations in S2 that lie within 100 residues of
Cys-1163 confer resistance to neutralization by an S1-binding
monoclonal antibody (20). Therefore, it is conceivable that
mutations at codon 1163 result in relatively dramatic changes
in protein structure such that one or more of the other thiols
in S1 or S2 are rendered available for modification. There is
clearly a need for further biochemical studies to identify the S
peptide fragments that are modified by Ellman reagent. Se-
quence analyses of spike genes from variants of MHV (strain
JHM) selected for resistance to Ellman reagent may also help
to identify the target of modification.
Cysteine blockade did not affect S binding to cellular recep-

tor but did prevent the further structural changes in the protein
that are required for fusion function. This brings up the ques-
tion of what kinds of further conformational changes might be
blocked. One obvious point of discussion concerns the role of
disulfide rearrangements in the obligate structural transitions.
Ellman reagent blocks human immunodeficiency virus and
Sindbis virus solely at the penetration stage of infection, and
this has been taken as evidence of disulfide rearrangement
during the fusion event (1, 32). Similar attempts to use Ellman
reagent to prevent penetration of MHV particles that had been
previously adsorbed to receptor-bearing cells were unsuccess-
ful, perhaps because the fusion process is very rapid relative to
thiol reactivity. In addition, attempts to enhance MHV pene-
tration by exogenous addition of reducing agents were similarly
unsuccessful (data not shown). It is also quite obvious that
fusion mediated by MHV spikes can occur regardless of
whether the S2 ectodomain contains 12 or 13 cysteines—both
A59 and JHM strains induce pH-independent fusion. Thus,
there is little evidence that the JHM-specific Cys-1163 is

TABLE 2. C1163Y change in the MHV4 spike protein (S4)
increases resistance to Ellman reagent

Plasmida

b-Galactosidase activity
(ng/50 ml)b

% Inhibitionc
1 Ellman
reagent

2 Ellman
reagent

pTM1 (no S) (negative
control)

0.046 0.051

pGEM4Z-S4 1 0.832 2.45 67
pGEM4Z-S4 2 0.248 2.03 90
pGEM4Z-S4 3 0.330 1.08 72
pGEM4Z-S4 (C1163Y) 1 0.128 0.210 48
pGEM4Z-S4 (C1163Y) 2 0.218 0.368 46
pGEM4Z-S4 (C1163Y) 3 0.180 0.260 36
pG1NT7-bgal (positive
control)

6.86 7.09 3

a HeLa-tTA cells (2 cm2) were infected with recombinant vaccinia virus
vTF7.3 and then transfected by lipofection with 1 mg of the indicated plasmid
DNAs.
b At 16 h posttransfection, cells were rinsed and incubated for 1 h at 378C in

0.5 ml (per well) of serum-free medium containing 0.1 mg of brefeldin A per ml,
plus or minus 1 mM Ellman reagent. Fusion potential of spikes was then mea-
sured by addition of 0.5 ml (per well) of complete medium containing 2 3 105

HeLa-MHVR cells that had been infected/transfected 16 h earlier with vaccinia
virus strain WR/pG1NT7-bgal. After allowing 2 h at 378C for the spike and
receptor-bearing cells to fuse, monolayers were rinsed with PBS and lysed in PBS
containing 0.5% Nonidet P-40. The amount of b-galactosidase in 50-ml aliquots
was measured by a colorimetric enzyme assay.
cPercent inhibition 5

~100!1 2
(b-galoctosidase2b-galactosidaseNegative control) in presence of reagent
(b-galactosidase2b-galoctosidaseNegative control) in absence of reagent

TABLE 3. Y1163C change in the hybrid spike protein S14:S2A59
increases sensitivity to Ellman reagenta

Plasmid

b-Galactosidase
activity (ng/50 ml) %

Inhibition1 Ellman
reagent

2 Ellman
reagent

Expt 1
pTM1 (no S) (negative control) 0.046 0.051
pTM1-S14:S2A59 1 0.156 0.209 30
pTM1-S14:S2A59 2 0.126 0.151 20
pTM1-S14:S2A59 (Y1163C) 1 0.125 0.221 54
pTM1-S14:S2A59 (Y1163C) 2 0.118 0.181 45
pG1NT7-b-gal (positive control) 27.94 29.16 4

Expt 2
pTM1 (no S) (negative control) 0.048 0.054
pTM1-S14:S2A59 1 0.175 0.215 21
pTM1-S14:S2A59 2 0.162 0.212 29
pTM1-S14:S2A59 (Y1163C) 1 0.128 0.206 47
pTM1-S14:S2A59 (Y1163C) 2 0.108 0.186 55
pG1NT7-bgal (positive control) 6.62 7.53 12

a Relative fusion potential of the expressed spike proteins was assessed by the
b-galactosidase reporter gene activation assay as described in the footnotes to
Table 2.
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needed to participate in a novel disulfide exchange that then
leads to a structure competent to induce membrane fusion.
Appeals for a type of conformational change independent of

novel disulfide formation could be made if one assumes that
the coronavirus spike bears structural similarities to that of
influenza hemagglutinin (HA). Indeed, the stalk-like appear-
ance of the spike oligomer in electron micrographs (6), along
with its two predicted amphipathic helix domains (5, 7) (Fig.
3), suggests that its high-resolution structure might be modeled
after that of the influenza virus HA. Detailed structural com-
parison of the fusion-inactive and fusion-active conformers of
HA has revealed a remarkable transition in the peptide span-
ning its two helical regions. In HA, this region converts from a
monomeric, noncoiled structure to a triple-stranded coiled coil
upon exposure to fusion-activating acidic conditions (2, 3).
This transition links the helices of the inactive HA into an
extended coil structure suitable for inducing fusion. Support
for an analagous conformational change in the human immu-
nodeficiency virus fusion process was recently demonstrated by
correlating coil-disrupting gp41 mutations with reduced fusion
(41). Primary sequence data place the Cys-1163 of S2 near the
middle of a 150-residue stretch of peptide linking two pre-
dicted alpha helical domains (Fig. 3). Thus, a dramatic con-
formational change in this stretch of S2 might be required to
generate oligomeric helical coiled coils, and such change is not
possible with Ellman reagent-modified Cys-1163. It must be
noted, however, that the 10 helix-breaking prolines in this
connecting region make it improbable that it could itself form
a coiled coil and thereby link the two heptad domains of S2 in
a manner analogous to the HA conformational change.
Finally, one cannot ignore the possibility that the Ellman

reagent modification destroys a directly acting fusion peptide
domain. On the MHV spike, a fusion peptide domain has not
yet been identified. The fusion domain is not liable to be
adjacent to the S1-S2 cleavage site, as one might expect it to be
on the basis of its position in the fusion proteins of many other
viruses (40). This is because the amino terminus of S2 formed
by proteolysis of the spike precursor is not hydrophobic and
the spike precursor cleavage is not required for fusion activa-
tion (34, 38). Thus, it is possible that the mildly hydrophobic
residues spanning Cys-1163 (Tyr–Gly–Leu–Cys-1163–Phe–Ile–
His–Phe) could act directly as a membrane-intercalating fusion
peptide. If so, modification of Cys-1163 by Ellman reagent
would surely disrupt fusion function.
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